We have been investigating the cardiovascular system over micro to macro levels by using conjugated computational mechanics analyzing fluid, solid and bio-chemical interactions. In the present study, we introduce our recent researches on the mass transport to saccular aneurysm, cerebral aneurysm growth based on a hemodynamic hypothesis, malaria-infected red blood cell mechanics using a particle method and primary thrombus formation.
1.Introduction
Human cardiovascular system is always under the integrated nervous and humoral control of the whole body, i.e., in homeostasis. Multiple feedback mechanisms with mutual interactions among systems, organs, and even tissues provide integrated control of the entire body. These control mechanisms have different spatial coverages, from the micro-to macroscale, and different time constants, from nanoseconds to decades. We think that these variations in spatial as well as temporal scales should be taken into account in discussing phenomena in the cardiovascular system.
In this background, we have been investigating the cardiovascular system over micro to macro levels by using conjugated computational mechanics analyzing fluid, solid and bio-chemical mechanics. In the present study, we introduce our recent researches on the mass transport to saccular aneurysm, cerebral aneurysm growth based on a hemodynamic hypothesis, malariainfected red blood cell mechanics using a particle method and primary thrombus formation.
Mass Transport to Saccular Aneurysm
Mass transport of biochemical species, such as LDL, oxygen, and ATP, to arterial walls has been postulated to link to atherogenesisi). Atherosclerotic wall thickening may have a critical role in the development and rupture of aneurysms. In this section, we present a numerical study on mass transport to walls of saccular cerebral aneurysms at a variety of arterial bends.
Materials and Methods
Computational models are illustrated in Fig.1 To our knowledge, numerical analysis of mass transport to aneurysm walls has not been conducted previously. Kataoka et al.3) reported that the inner surface and wall of ruptured aneurysms differ from those of unruptured aneurysms. Our future direction is to reveal the relationship between the mass concentration and the rupture of aneurysms.
3.Cerebral
Aneurysm Growth Based on a Hemodynamic Hypothesis
Cerebral aneurysm is an extremely important disease on the clinical medicine, since the rupture of aneurysms causes serious pathologic conditions such as the subarachnoid hemorrhage. The mechanism of aneurysm growth has not yet been understood.
Cerebral aneurysm is characterized by a saccular expansion of the arterial wall. It has been known that strength degradation of the arterial wall is not enough to explain the saccular expansion4 '5) . To understand the phenomena, it should be important to consider biological reactions of the arterial wall. We have focused on increase in the volume of extracellular matrix or in the number of cells in the arterial wall6), as a candidate for main factor of cerebral aneurysm growth.
It is generally accepted that wall shear stress (WSS) due to blood flow plays an important role in the pathophysiology of aneurysms7-9). Moreover, applying high WSS for a long period results in a significant cell proliferation in the arterial wall6). We hypothesize, therefore, the biological reactions, such as increase in the number of cells or in the volume of extracellular matrix in the arterial wall, occur locally at the site where WSS is over a threshold value, and the reactions lead to surface area expansion of the arterial wall keeping constant wall thickness.
In this study, we propose a simulation model for cerebral aneurysm growth based on the hypothesis, and perform growth simulations for a cerebral artery model. The computational results are compared with those assuming strength degradation of the wall.
Modeling and Methods (1) Geometry of the Artery Model
Recently, a lot of researches on a cerebral aneurysm employ arterial geometry based on clinical image data. Such studies are informative and give us detailed information on flow field specific to the patient. In discussing the mechanism of aneurysm formation, however, patient specific analysis gives us the information that is valid only for the patient. It is proposed that cerebral aneurysm may be formed by several different reasons, such as hemodynamic stress, hypertension, or heredity. Thus, the patient specific analysis may lead us to a mechanism suitable specific to the patient. We think it is more appropriate to employ a simple geometric model in order to discuss 
and the Navier-Stokes equations, internal carotid artery (Re=200). The change in the diameter of typical cerebral arteries during one pulsation is small and its effect on WSS is not very significant. Moreover, we solve steady flow in this study, so we neglected the wall deformation due to pulsation. Boundary conditions were a parabolic velocity profile at the inlet, zero pressure at the outlet, and the no-slip condition on the wall. Blood flow calculation was accomplished through an in-house three-dimensional flow solver based on MAC algorithm. The total number of grid points was 52,065 (Fig.5) . The accuracy of our numerical code was checked by three-dimensional circular tube flow simulation. And the grid convergence was confirmed by comparing with 103,329 and 205,857 grid points. The arterial wall was discretized by triangle elements. The computational grid generated on the arterial wall is shown in Fig.5 , where 16384 triangle elements (8256 nodal points) were generated. The spring network model" was used to mechanically model the arterial wall. In this model, mechanical behavior of the arterial wall was expressed with two types of spring, stretch/compression and bending, as shown in Fig.6 . The stretch/compression spring, which corresponded to a side of a triangle element, expressed the resistance to stretch/compression of the membrane. The other spring expressed the bending resistance of the membrane. Thus, the effect of wall thickness is approximated by this spring. The reason why we used such a simple discretization method is that the accuracy of the wall deformation is strongly limited by the growth model, which will be explained later by Eq.(4). We think, therefore, the spring model is good enough to discuss aneurysm growth as a first step.
The arterial wall expansion in the hypothesis may be expressed by nature length elongation of a stretch/compression spring. In this study, we formulated the degree of the elongation as follows. (4 The nature length elongation of a stretch/compression spring without any deformation results in out of balance between the blood pressure force and the internal force of the wall. It is needed to calculate these forces, to simulate the formation of a new equilibrium shape of the artery. We assumed the uniform transmural blood pressure difference of 100 mmHg. The blood pressure force acting on a triangle element was divided equally among three nodes of the element and we express the pressure force acting on node j as FP,j. In this study, spring forces were calculated on the basis of the principle of virtual work10). We considered two types of arterial elastic energy, stretch/compression and bending, and then the spring force acting on node j was expressed as follows. (5) where Es and Eb are the stretch/compression elastic energy and the bending elastic energy stored in the arterial wall, respectively. rj is the position vector of node j. In this study, the calculation of the right-hand side of Eq.(5) was accomplished numerically.
The stretch/compression elastic energy Es was expressed as (6) where D was characteristic length, which is equal to the diameter in fig. 1 , i is a stretch/compression spring element number, and N is the total number of the elements. ks,i is stretch/compression spring constant,
Li is the present length of the element, and li is the nature length given by Eq. (6) .
In this study, we defined the bending elastic energy Eb as (7) where kb i is bending spring constant of element i, and ƒAEi , which is shown in Fig.6 •¢ Li/Li, between before and after the growth. 
where the notation t refers to the time, u the velocity vector, p the density, p the pressure, v the dynamic viscosity, and f the external force. The external force term is used for expressing elastic force of the membrane of RBCs and adhesive force of IRBCs. Eqs (1) and (2) are solved by using Moving Particle Semiimplicit (MPS) method16,17). The membrane of RBCs is expressed by spring networks as shown in Fig.10 . A membrane particle is connected to neighboring membrane particles with stretch/compression springs. A trio of the particles forms a triangle element. As shown in Fig.10 , the element el is connected to the element e2 with a bending spring. The deformability of RBC can be adjusted by changing the constants of these stretch and bending springs k, and kb.
•oe Plasma The characteristics of IRBCs are different from those of healthy RBCs. As the plasmodium parasite inside the RBC develops, the shape of the IRBC becomes spherical rather than biconcave. Since the size of the parasite increase, the rigid body of the parasite affects the deformability of the IRBC. In our model, a parasite inside IRBC is expressed by cluster of some particles, which behaves as a rigid object. The developed parasite distorts cytoskeleton and membrane. The membrane of the IRBC becomes stiffer in comparison with healthy RBCs. These changes in the deformability are expressed using large value of the constants of stretch/compression and bending springs. We determined these constants from the comparison between numerical and experimental results of tensile test as shown in the next section.
The adhesive property of IRBC is also modeled by springs. A connection between two particles represents a cluster of many ligand-receptor bindings. If the distance between a particle of IRBC membrane and a particle of endothelial cells or a particle of neighboring RBC membrane is less than a certain value dad, the two particles are connected by a stretch/compression spring. Figure 11 shows the schematic of the adhesive springs. The spring force between particles i and j is described as (12) where rij=rj-ri is the distance of two particles, r0
is reference distance, k is spring constant. Note that once an IRBC membrane particle is connected to a particle of a healthy RBC membrane, the IRBC membrane particle does not connect to the other particle, even if the other particle approaches the IRBC membrane particle within dad. Maturation of parasites develops knobs on the surface of the membrane of IRBC that mediate cell-cell interaction. That means the increase of the adhesive force. The increase of the adhesive force based on the development of knobs is modeled by increasing the spring constant. In this paper, the spring constant was determined from the experimental results18). 
15(c)).
(a)(b)(c) Fig.15 Voigt models for vWF (a) and Fbg (b), and the receptor models on the platelet (c). 
Conclusions
In this paper, we have reviewed our recent studies on computational mechanics for arterial diseases. In considering clinical applications, however, we needs to consider biological complexities in the analysis of blood flow, especially with respect to disease processes. A disease is not just a failure of machine. It is an outcome of complex interactions among multi-layered systems and subsystems. They mutually interact across the layers in a strongly non-linear and multi-variable manner. It is also nothworthy that a living system, either as a whole or as a subsystem, such as the cardiovascular system, is always under the integrated nervous and humoral control of the whole body, i.e., in homeostasis. Multiple feedback mechanisms with mutual interactions between systems, organs, and even tissues provide integrated control of the entire body. These control mechanisms have different spatial coverages, from the micro-to macroscale, and different time constants, from nanoseconds to decades. Though it has not been fully acknowledged, much longer time scale phenomena such as evolution and differentiation of living system must also be paid full attention if we are to understand the living system per se. In the future analysis, therefore, these biological phenomena need to be included in discussing physiological as well as pathological, i.e. disease processes. We expect this to be accomplished in the future by integrating new understandings of macroscale and microscale hemodynamics, if we continue to be together with advances of related sciences and technologies.
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